In simple nervous systems, identified groups of neurons can be studied in depth. To allow the same advantage in the mammalian brain, we have generated green fluorescent protein (GFP) transgenic mice in which only a few types of neurons are strongly labeled with a fluorescent molecule, which the neurons synthesize internally, allowing the cells, their dendrites, filopodia, and axons to be identified in both living and fixed CNS, in slices and culture. The same neurons, with GFP expression controlled by part of the major immediate early promoter of human cytomegalovirus (CMV), show GFP beginning early in development, from one generation to the next, allowing cellular and physiological studies of axonal and dendritic growth, fate mapping, anatomical connections, and synapse formation in identified neurons. The human CMV promoter sequence we used was different from that used in previous work with other reporter genes and gave a dramatically different pattern of expression. Two transgenic lines with the same CMV promoter show similar anatomical patterns of expression in the present study. Strong GFP labeling was found in a subpopulation of mossy fibers that innervated parasagittal bands in the cerebellar cortex and olfactory axons that projected into the olfactory bulb, subsets of motoneurons and dorsal root ganglion cells, granule but not mitral cells of the olfactory bulb, and a group of neurons in the hypothalamic suprachiasmatic nucleus. A novel type of neuron was strongly labeled in the olfactory bulb external plexiform layer. In normal brains, CMV does not constitute a threat, but in the developing brain, CMV can cause debilitating neurodegeneration and death; studies using the CMV promoter aid in understanding the affinity of CMV that has been suggested for specific brain regions.
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In lower animals with simpler nervous systems, single types of cells can be recognized and studied in living and fixed neurons, particularly during development. The elegant studies on axonal growth and neuronal development in grasshopper (Goodman and Spitzer, 1979; Keshishian and Bentley, 1983 ) and other species with simple systems, including Drosophila and nematodes, have benefited significantly from being able to identif y repeatedly selected cells and their axons in related experiments. To allow some of the same advantages in the mammalian brain, we generated transgenic mice that have strong expression of a marker gene, green fluorescent protein (GFP) , that is expressed throughout the processes in restricted subpopulations of neurons in the brain and spinal cord.
Viral vectors that express GFP have been used to label neurons, but some viruses have the problem of being potentially toxic, and virally induced GFP is generally transient (Moriyoshi et al., 1996) . Biolistics works nicely to shoot GFP gene-coated particles into brain slices, but which cell expresses the gene is partially random, and biolistics does not work well with cultured cells (L o et al., 1994) .
In some previous experiments, the intensity of GFP expression has not been particularly strong. This is a problem for experiments in which one needs to study axonal growth over an extended time period and needs to strongly label the neuritic arbor. Neurons that were genetically engineered to express the GFP gene continuously, both in vivo and in vitro, would be an asset in studies of neuronal growth and response to injury. We have generated such a system, as described below. Transgenic mice expressing a histochemical label have provided an important tool for the identification of neurons in the CNS. The lac Z gene coding for bacterial ␤-galactosidase has been used with a number of promoters and works well to identify positive cells but requires histochemical reaction generally on dead cells (Forss-Petter et al., 1990; Jankovski and Sotelo, 1996; Paradies et al., 1996; Sekerkova et al., 1997) . Furthermore, in most cases, the reaction product is restricted to the region of the cell body, making it of limited use for studies of axonal projections and dendritic architecture. An interesting alternate approach to study live cells has been to generate transgenic mice that express an enzyme, such as alkaline phosphatase, on the outer surface of live cells (Gustincich et al., 1997) , but this still requires histochemical reaction to identify positive cells.
We have generated transgenic mice that express an enhanced form of the jellyfish GFP protein that has been codon-corrected (from jellyfish to human) and red-shifted (Phe64 to Leu and Ser65 to Thr) under control of part of the human cytomegalovirus major immediate early promoter (here referred to as CMV promoter). Previous reports have used other reporter genes to study viral promoters to determine the relevance of the promoter to selective patterns of viral infection in the brain (Kothary et al., 1991; Koedood et al., 1995; Fritschy et al., 1996) . Our transgenic mice show a strong expression of GFP in a limited subset of neurons, and the same cell types express GFP from one generation to the next. The axons of these cells are strongly labeled to their terminals. A benefit of expression limited to a small number of neurons is that this allows a focus on subsets of neurons that may behave similarly, whereas other neurons in the same region of the brain or spinal cord are rendered invisible. GFP can be detected in the living cell bodies and throughout the entire extent of the living or fixed axons.
The significant advantage of this transgenic mouse for studying neuronal development and physiology is that a small subset of neurons can be recognized and studied by virtue of their GFP expression in vivo and in vitro. GFP has no apparent physiological effect, and GFP-expressing cells look, behave, and develop the same as non-GFP cells. This strategy of using transgenic mice with strong GFP expression in a very restricted subset of neurons in the developing and mature brain should be a significant aid for addressing a number of questions.
MATERIALS AND METHODS
Neuronal transfection with GFP cDNA. We used a GFP cDNA variant (C lontech, Palo Alto, CA) that was shifted in the red direction (longer wavelength) and corrected from jellyfish (Chalfie et al., 1994) to mammalian codon with improved fluorescence (Chalfie, 1995; Heim and Tsien, 1996; Yang et al., 1996) . T wo amino acid mutations were used (Phe64 to Leu and Ser65 to Thr). Neurons from normal nontransgenic mice were transfected with a Life Technologies (Gaithersburg, MD) C ell Porator electroporator. The electroporator was placed on a Gyrotory Shaker rotary table to increase fluid motion in the cuvette and was used with a 60 F pulse at room temperature. Four million cells were placed in 0.4 ml of buffer, together with 10 -80 g of GFP cDNA. After electroporation, cells were gently centrif uged to remove the DNAcontaining supernatant and then plated on polylysine-coated coverslips. In other experiments below, neurons from GFP transgenic mice were used, which had the GFP sequence incorporated into their genome and did not require f urther labeling or transfection.
Preparation of the DNA transgene. The pEGFP-C1 plasmid vector from C lontech was propagated in Escherichia coli DH5␣ in the presence of kanamycin (30 g /ml). pEGFP-C1, a C -terminal protein f usion vector, contains an enhanced jellyfish GFP. The GFP is under the control of a strong major immediate early promoter from the human C M V promoter. The vector DNA was isolated and banded twice over a C sC l -ethidium bromide gradient by equilibrium centrif ugation. The purified vector DNA was digested with the restriction enzymes Nsi-1 and Mlu-1, with appropriate buffers. The Nsi-1-and Mlu-1-digested DNA was subsequently electrophoresed on a 1% agarose gel with tetraethylammonium buffer to isolate a 1.642 kb fragment containing the C M V immediate early promoter sequence (Ϫ583 to ϩ7 of the C M V promoter sequence), the enhanced GFP sequence, multiple cloning sites, and SV40 poly(A) signals.
DNA preparation for microinjection. The 1.6 kb DNA fragment containing the GFP coding sequence with the C M V promoter and SV40 poly(A) signal was purified from the agarose gel by the QIAquick gel extraction kit protocol from Qiagen (Hilden, Germany). The precipitated DNA was pelleted, washed, air dried, and then purified and concentrated by passing through a Schleicher & Schuell (Keene, N H) Elutip-d column and then through three Millipore (Bedford, M A) V MW P01300 filters. After dialysis, the DNA was collected, and the concentration was determined by optical density and adjusted to 5 ng /l with injection buffer. Before microinjection, the DNA was filtered through a 0.45 m Millipore SJH V004NS syringe filter.
Generation of transgenic mice. Fertilized mouse oocytes were isolated from the F2 generation of matings between female and male (C57B1/6 XC3H / H EJ) mice. The purified DNA with a concentration of 1-2 ng /l was injected into the fertilized oocytes. After microinjection, the oocytes that survived were transplanted to the oviducts of pseudopregnant B6C3 F2 strain of foster mothers. The transgenic mice expressing the GFP gene were identified by PCR from DNA isolated from tail biopsies by using GFP-specific forward and reverse primers. Tail tissue was digested with 500 g /ml proteinase K in 700 l of buffer containing 50 mM Tris-HC l, pH 8.0, 100 mM EDTA, and 0.5% SDS at 55°C overnight with agitation. The DNA was precipitated from the aqueous phase by adding 0.1 vol of 3 M NaAc, pH 6.0, and 2 vol of ethanol at room temperature. After pelleting, the DNA was washed with 70% ethanol to remove traces of phenol and SDS. The concentrations of the DNA from different samples were equalized after measurement of optical density.
In our studies of 45 potential founder mice, 15 incorporated the GFP sequence in their genomes. These 15 founder mice were bred, and their offspring was tested by a combination of PCR, analysis of brain sections for GFP in a fluorescence microscope, and examination of GFP expression in cultured neurons. Of these mouse lines, we focus on one that showed strong GFP expression and to a lesser extent on a second line. GFP expression is found in the same regions of the brain and spinal cord in five generations of these mice.
PCR detection of transgenic mice e xpressing GFP. T wo synthetic oligomers, one forward primer 5Ј-TAA ACG GCC ACA AGT TCA GC -3Ј and one reverse primer 5Ј-TGT TC T GC T GGT AGT GGT CG-3Ј were made from GFP coding sequences and used for PCR amplification of transgenic mouse DNA templates. The PCR reactions were performed in 50 l with 50 ng of transgenic DNA, each with 10 mM Tris, pH 8.3, 50 mM KC l, 1.5 mM MgC l 2 , 200 l each of dATP, dGTP, dC TP, and TTP, 50 ng each of forward primer and reverse primer, and 1 U of AmpliTaq DNA polymerase. The PCR reactions were done as follows: denaturation at 94°C for 5 min, 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min for 40 cycles. For a positive control, PCR was also performed on the GFP DNA fragment (Nsi-1 plus Mlu-1 fragment), which was originally introduced into the oocytes to generate transgenic mice. A negative control without DNA was performed also. The PCR reactions were analyzed on a 1% agarose gel to look for positive transgenic mice. An expected DNA band migrating at 472 bp position was observed in the positive control and in lanes containing GFP-positive transgenic mouse DNA but not in the negative control lanes.
mR NA anal ysis of different tissues obtained f rom transgenic mice e xpressing GFP.
A number of different tissues from two transgenic mice were harvested, and total RNA was extracted with TRI Z OL (Life Technologies). Different tissues included several different brain regions and non-neuronal tissue. Approximately 10 g of total RNA was loaded from each sample for Northern blots. A GFP DNA fragment was used as a probe for Northern blots. A cyclophilin probe was used as a control for relative loading of each lane. After detection of GFP RNA, the Northern blot was stripped and probed again for cyclophilin .
GFP detection. The use of PCR to detect the GFP transgene was sensitive in this regard but did not establish that the protein was actually expressed. To determine which mice showed GFP expression during development of this transgenic line, we used unfixed fresh tissue sections of GFP transgenic mice. Sections were cut on a vibratome. Fresh sections worked well, except that cells that were cut open tended to leak GFP, which raised the background fluorescence; for this reason, we observed some fresh sections while perf using with a H EPES buffer to wash out leaky GFP. In some cases, before death, we viewed deeply anesthetized mice under the fluorescent microscope or took whole pieces or parts of the brain or spinal cord for viewing. In addition, we also used tissue culture of brain cells from postnatal day 1 mice to determine which founder lines expressed the transgene. Four mice per litter were pooled, and neurons were plated on glass coverslips. If GFP-positive cells were detected in the next 3 d, then the founder mouse of that line was used for subsequent breeding. If the cells were negative, the founder mouse was not used f urther.
Because GFP tended to leak out of unfixed cells that were cut during histological processing, particularly obvious in thinner sections, some mice were aldehyde-fixed. Under deep sodium pentobarbital anesthesia, mice (n ϭ 12) were perf used with 4% paraformaldehyde, and the brains were removed and cut on a vibratome or freezing microtome into 30 -40 m sections. GFP was still visible after fixation without immunostaining, although the relative intensity of fluorescence was decreased by the aldehyde. To overcome the aldehyde-mediated reduction in GFP fluorescence, a GFP antiserum (C lontech) was used with peroxidase immunocytochemistry to stain some sections. The primary rabbit antiserum was used at a 1:2500 dilution and was visualized with goat anti-rabbit IgG-biotin and then by avidin -biotin -peroxidase immunostaining using reagents from Vector Laboratories (Burlingame, CA), followed by treatment with diaminobenzidine and hydrogen peroxide, as described elsewhere (van den Pol, 1985) . Only transgenic mice showed brown peroxidase labeling, and it was found in the same brain regions in which GFP fluorescence was found. Staining with immunoperoxidase allowed the long-term storage and analysis of sections from GFP transgenic brains and the potential for later use for electron microscopy.
GFP expression was detected and photographed with Olympus Optical (Tokyo, Japan) and Z eiss (Oberkochen, Germany) fluorescent microscopes. An inverted Olympus I X70 with a 150 W mercury arc lamp with a fluorescein filter set gave the best GFP signal. A Bio-Rad (Hercules, CA) 500 confocal scanning laser microscope with an argon laser was also used to examine thick tissue sections. Some of the photomicrographs presented here are digital images from photographic negatives scanned on an Eastman Kodak (Rochester, N Y) slide scanner and printed on an Eastman Kodak 7700 or 8650 dye sublimation printer.
RESULTS

Neuronal transfection
Before generating transgenic mice, we examined intensity and distribution of fluorescence with GFP-coding DNA from different plasmids after transfection of primary neurons with electroporation in Ͼ500 cultures. Previous studies with cotransfection experiments have shown that GFP can be used as a reporter for neuronal genes transfected into non-neuronal cells in vitro (Marshall et al., 1995) . We compared actin, immediate early CMV, and mouse prion promoters. GFP-coding DNA from several different plasmids were compared with lac Z-coding plasmids using the same promoters. Transfection with lac Z yielded nicely labeled neuron cell bodies but poorly labeled axons and distal dendrites. In contrast, transfection with plasmids containing the enhanced GFP gave the strongest signal, and GFP fluorescence was found throughout the cytoplasm, including in axons and dendrites (Fig. 1 A) . Neurons from all areas used, including mouse, rat, and human neurons from olfactory bulb, hypothalamus, hippocampus, cortex, and spinal cord, showed strong labeling. Glial cells were also labeled in transfection experiments ( Fig.  1 B) ; because the glial cells divided in culture, the GFP label was diminished in daughter cells. We also used recombinant DNA from plasmids made in which GFP was tethered to the axonal protein tau, with the cDNA coding for tau inserted at the C-terminal end of GFP. Neurons transfected with the tau-GFP construct showed green label in some of their processes, but the intensity of labeling was less, and the distribution was restricted. Within single neurons, both long-branching axons and dendrites were less strongly labeled with tau-GFP compared with neurons transfected with GFP alone. Although the efficiency of any particular promoter for expression in transfected neurons may not parallel its efficiency in the brains of transgenic animals, based on the strong levels of expression and the widespread intracellular distribution of GFP with the C M V-GFP construct, we selected this construct to generate transgenic mice. Because the CMV itself appears to preferentially infect subsets of neurons in the brain (Ho, 1991) , we reasoned that its promoter might behave similarly in transgenic animals and generate high levels of GFP expression in subsets of neurons.
Transgenic mice with GFP expression in restricted populations of neurons
Examination of the brains and spinal cords of transgenic mice revealed expression of GFP in restricted types of neurons from the olfactory bulb to the sacral spinal cord. GFP appeared to be expressed by similar types of neurons within any single region and appeared to be constant from one generation of mice to the next. We estimate that the number of types of neuron that expressed detectable GFP was Ͻ3%. GFP could be detected in freshly cut sections viewed in a fluorescent microscope or laser confocal microscope, or after fixation and immunoperoxidase staining.
Immunoperoxidase revealed cells and processes in the same regions as seen with fluorescent microscopy and allowed the use of differential interference contrast (DIC) microscopy, which facilitated detection of unlabeled cells in the background. Some types of neurons showed very strong expression that revealed the entire neurons, including the cell body (Fig. 2 A, C-E) , dendrites and their filopodia (Fig. 2 B) , and axons and their terminal boutons (Figs. 3A-G, 4 , 5A-C). GFP-positive cells were found in the hypothalamic suprachiasmatic nuclei (data not shown); little labeling was found in the lateral hypothalamus. The large cells of reticular gigantocellularis showed GFP. In other regions of the brain, neurons were found with less robust GFP expression, such as in the CA3 region of the hippocampus, in a subpopulation of striatal neurons, and in the medial nucleus of the trapezoid body. Cells with the appearance of glial cells showed little GFP. In contrast, GFP expression via adenovirus introduction of the GFP gene into the CNS appeared to be found primarily in glial cells, although neuronal labeling was also noted (Moriyoshi et al., 1996) . An asset of the approach we used is that GFP label is found not only in the cell bodies of living and fixed tissue, but it also can label distal axonal and dendritic processes. In previous studies of other transgenic mice which used different regions of the CM V promoter sequence, there was little or no detectable reporter gene in neuronal processes. This was attributable to the use of nuclear localization signals (Koedood et al., 1995; Fritschy et al., 1996) , the use of lac Z rather than GFP (Baskar et al., 1996) , and potentially to differences in the promoter sequence used in each study.
GFP was expressed in a group of ϳ5-15% of the neurons in the dorsal root ganglia and in the axons from the DRG (Fig. 5B ) that run rostrally up the dorsal columns of the cord (Fig. 5C ). All dorsal root ganglia studied appear to have GFP-expressing neu- rons. Some large, strongly fluorescent neurons were found in the ventral horn in motoneurons (Fig. 2 E) . GFP was detected in the dorsal columns of the intact in situ spinal cord and in the associated dorsal root ganglia and dorsal root (Fig. 5B ) when deeply anesthetized mice were placed on a microscope before fixation perfusion. Axons were found in the white (Fig. 3G) and gray (Fig.  3F ) matter. To demonstrate that GFP was expressed in experimental damaged spinal cord axons, we cut the right side of the dorsal columns of 8-week-old transgenic mice with a shallow penetration of a number 11 scalpel blade into the thoracic spinal cord. Five days after sectioning, the ascending part of GFPexpressing DRG axons in the dorsal column showed small lateral GFP fluorescent filopodia, suggestive of growth (Fig. 5C ) not commonly seen in control cord. This indicates that GFP expression in the axons of the spinal cord of the transgenic mice may be useful for studying axonal responses to injury.
The olfactory bulb showed the highest level of GFP expression within the brain. In Northern blots examining GFP mRNA expression, the olfactory bulb showed a higher level of GFP expression than any other brain or nonbrain tissue (Fig. 6) . The expression was restricted primarily to the small inhibitory cells of the bulb that are immunoreactive for the transmitter GABA. Most granule cells showed GFP expression. In addition, juxtaglomerular cells showed GFP expression. Other cells of the bulb, particularly the excitatory mitral or tufted cells, showed no GFP. Some of the olfactory glomeruli showed strong expression (Fig. 7B) , and others showed weak expression (Fig. 7B) . This suggested that subpopulations of olfactory receptor cells that terminate in the glomeruli expressed GFP. This was consistent with patches of olfactory axons showing GFP and olfactory receptor cells in the olfactory mucosa expressing GFP (Fig. 7C) .
The strongest expression of GFP in the bulb was found in an unusual type of cell in the external plexiform layer (EPL); cell bodies were found from the most external part of the granule cell layer through the EPL (Fig. 7A) . These cells had dendritic arbors with one to four primary dendrites, which divided two or three times and remained in the EPL or near the external zone of the EPL. Many long spine-like appendages arose from the dendrites and ended in small swellings. The cell body of these cells was larger than that of typical granule cells and had an axon arising from the cell body and going in a direction toward the granule cell layer, suggesting these were not displaced granule cells that have no axon. A common cell of the EPL is the tufted cell, but that cell does not have dendritic spines, and the tufted cell dendrites enter the glomerular layer and form a distinctive tuft (Mori, 1987; Shepherd and Greer, 1990 ) not seen in the GFP-labeled cells. Another type of cell in the EPL is the van Gehuchten cell (Shipley et al., 1995) . These cells contain vasoactive intestinal polypeptide, peptide histidine isoleucine, and other antigens (Sanides-Kohlrausch and Wahle, 1990; Alonso et al., 1993) . However, descriptions of these van Gehuchten cells suggest they have local axon collaterals in the EPL and do not appear to have extensive dendritic spines, unlike the cells described here. Thus, the strongly GFP-positive cells in the EPL do not fit into any clear description of previously characterized neurons here.
Little GFP was found in the cell bodies of the cerebellar cortex. However, GFP was found in a subset of mossy fibers (Fig. 3B ) and their terminals (Fig. 3C-E) , originating outside the cerebellum, that provide excitatory innervation to the granule cells. Not all mossy fibers were GFP-positive, indicating that only a subset of the neurons that send mossy fiber projections to the granule cells expressed GFP. In coronal sections, GFP-expressing mossy fibers were found in parasagittal bands (Fig. 4) , particularly obvious in the vermis. Mossy fibers are unique axons that make large terminal endings covered with small moss-like short appendages, and these showed robust GFP expression (Fig. 3C-E) . Climbing fibers, the other primary excitatory afferent input to the cerebellar cortex, did not express GFP. The description here is not an exhaustive survey of all neurons that express GFP in these transgenic mice but instead delineates some of the major groups and serves as an overview.
In a second transgenic line made with the same C M V-GFP construct, the distribution of GFP-expressing neurons was similar to that described above, and the relative intensity of GFP expression in positive neurons was also parallel. An example of this staining in the second transgenic line is the absence of positive GFP cell bodies in the cerebellar cortex but the expression of GFP in cerebellar mossy fibers (Fig. 3E) . Each line showed some variability between animals in levels of expression.
Developing brain
The level of GFP expression was stronger in developing brains that in adults. GFP expression was well developed in embryonic brains (data not shown). This is parallel to the high infection rates of the virus in the developing brain compared with the adult and supports the idea that the C M V (immediate early) promoter may be maximally activated in developing neurons. Embryonic day 18 and postnatal day 1 brains still in the head were sectioned and examined with or without immunostaining with GFP antisera. The strongest expression in these animals, as in adults, was found in the olfactory system in which early granule cells and juxtaglomerular cells expressed GFP, and olfactory receptor cells in the mucosa, together with their axons projecting into the bulb, were also labeled (Fig. 7C) . In other regions of the brain in which positive neurons were found, the level of expression appeared higher at earlier stages of development.
Tissue culture of neurons from GFP transgenic mice
Different regions of brains or spinal cords from GFP transgenic mice were cultured. In strongly expressing transgenic cells in vitro, the GFP fluorescence was very bright and could be seen easily by eye, even with a 10ϫ microscope objective. Because GFP does not easily fade and is remarkably stable, even during photoactivation, labeled living cells could be drawn with a camera lucida, photographed (Fig. 8) , and then returned to the incubator. The entire axonal and dendritic arbor of single neurons could be clearly visualized. This was verified by examining single neurons growing on a glass substrate and by comparing the GFP fluorescent image with video-enhanced DIC microscopy. Every part of the neuritic tree that could be seen with the DIC image was also fluorescently labeled. Furthermore, there was no decrease in the intensity of fluorescence from proximal to distal, demonstrating that the entire neuritic tree was labeled with GFP. Both dendritic and axonal processes were well labeled, including their filopodia, lamelipodia, and terminal boutons. In developing neurons, both dendritic and axonal growth cones were clearly labeled. GFP expression was detected in positive cells as soon as they were plated. Regions of the brain, such as the olfactory bulb, with high number of positive cells also showed large numbers of positive cells in culture, whereas negative brain regions, such as the cerebellar cortex, did not. Immunostaining with Alexa 546 [a red fluorescent immunolabel from Molecular Probes (Eugene, OR)] showed glutamate decarboxylase immunoreactivity (antisera from Dr. W. Oertel) (van den Pol, 1985) in the GFP-expressing cells of cultured olfactory bulb neurons, consistent with the GABAergic identity of the transmitter of granule cells and the location of GFP-expressing cells in tissue sections of the olfactory bulb.
DISCUSSION
Potential use of transgenic mice with selective GFP expression
We demonstrate here that GFP is expressed selectively by subsets of neurons in the brain and spinal cord in adult and developing brain. In cells that strongly express GFP, their entire dendritic and axonal arbor is labeled. The potential advantage of this approach to labeling neurons is that in each generation the same neurons and their processes are labeled, allowing ongoing physiological and structural studies. Developing mice expressing GFP selectively in subpopulations of neurons may also be helpful for determination of cell lineage and fate maps of dividing cells during development. In parallel, the development of growing axons can be studied during development and after injury, in both fixed and living tissue. Cells that express GFP in situ also express GFP in vitro, allowing recognition of specific subsets of green cells in culture, of potential importance for characterization of the electrophysiology or single cell molecular biology of identified cells. Neurons expressing GFP are also ideal for transplantation studies in which both the cells and their processes could be followed in the non-GFP host brain. Finally, as described below, slight changes in the CMV (immediate early) promoter sequence may allow other populations of neurons that do not express GFP in the present study to generate high levels of GFP in other transgenic mice.
To study axons, their growth, and response to injury, the axon must be visualized. This can be achieved by applying a dye, such as DiI, to the outside of the cell, and this works well in some experiments; however, these dyes are often not strong enough to label thin distant axon terminals for extended periods . Alternately, labels such as neurobiotin or biocytin (Horikawa and Armstrong, 1988) , or fluorescent molecules, such as fluorescent dextran, can be injected by a micropipette directly into a cell, labeling the entire dendritic arbor and axon trajectory. Although biocytin works well to label the entire cell, the process is labor-intensive, because the cell must be injected, fixed, and the stained, and labeled processes cannot be visualized while alive. Injection of fluorescent molecules works well for short time Figure 6 . Northern blot of GFP expression. RNA was extracted from various tissues of transgenic mice and probed on a Northern blot for GFP. The highest level of expression was in the olfactory bulb. Other brain regions showed lower levels of expression. Brain refers to the remaining brain after the other regions in the blot were removed. After stripping, as a control, the blot was probed with cyclophilin to demonstrate the general level of RNA loading in each lane.
intervals, but the dye is usually degraded after a few days or sequestered in lysosomes and no longer labels the entire neuritic tree. Some dyes, such as L ucifer yellow, may even be toxic to the cell when viewed under fluorescent light. In contrast, in transgenic mice with strong GFP expression, axons are well labeled over long periods of time, and even filopodia on growing axons and terminal boutons on mature axons are strongly labeled, attributable, in part, to the ongoing synthesis of the GFP mole- cule. Furthermore, because only small subsets of neurons are labeled, individual live or fixed axons and dendrites can be followed in their entirety because of the transparency of cells that do not express GFP, which constitute the great majority.
The GFP transgenic mice described here can be crossbred with one of the many interesting mutant mice that have been used previously for studying development, particularly in the cerebellum (Rakic, 1979) . Because our transgenic mice have strong GFP expression in subsets of mossy fibers that innervate select parasagittal regions of the cerebellum, crossing these with mutants that have intrinsic defects in cerebellar development may prove a useful model for studying specificity of axonal target recognition. In parallel, crossing our mice with knock-out or overexpressing transgenic mice may provide a window for studying the contribution of specific genes involved in axonal growth of specific circuits that express their own label in living and fixed tissue.
When a label is introduced into the brain, either via direct injection, chemical manipulation, or viral mediation, the cells labeled may vary from experiment to experiment. In contrast, in the transgenic mice, the same populations of cells are labeled from generation to generation. Importantly, the C M V promoter is expressed at very early stages of brain development (Kothary et al., 1991; Koedood et al., 1995) , allowing studies of cell division, migration, and process outgrowth in identified cells in the mammalian brain.
CMV immediate early promoter
CMV is a virus that probably infects the majority of adult humans (Ho, 1991) . In most cases, it remains latent and accounts for little debilitation. In striking contrast, in the developing human brain, C M V infection can be disastrous. Early human brain infection with C M V, found in several thousand infants born each year, can lead to microencephaly, deafness, retardation, and seizures (Saigal et al., 1982; Ho, 1991; Perlman and Argyle, 1992) . Similar problems in infected adults are not found unless the immune system is compromised, as with HIV infection Wiley and Nelson, 1988) , and then C M V has been considered to be a significant threat. One factor that leads to the greater C M V problem in developing brains has been attributed to the fact that the immune system is not sufficiently developed to counteract C M V spread. Another factor is that developing neurons may allow higher levels of expression of the C M V promoter. The major immediate early C M V promoter drives the expression of two early C M V genes that set the stage for viral replication; enhanced expression of the promoter in developing neurons may constitute an additional mechanism for the greater debilitation found in developing humans. This concept is supported by the results from both the present paper and other works (Kothary et al., 1991; Koedood et al., 1995) , showing that the C M V promoter is most active in early development, the same period when the virus is most active in the brain.
As we described in Results, the C M V promoter (Boshart et al., 1985) works well to drive GFP expression in all neurons transfected in vitro with a GFP-containing plasmid DNA and generates brightly labeled cells. In contrast, in the transgenic mice with the same C M V promoter sequence, GFP expression was highly localized to specific neuronal groups, indicating the same CMV promoter sequence acted differently in transgenic and transfected neurons.
Different sequences of the C M V promoter have been used previously with a lac Z reporter with a nuclear localization site (Koedood et al., 1995; Fritschy et al., 1996) . Because of the nuclear localization and necessity of staining with a suitable colorant such as X-gal, those mice were less suitable for studies of living neurons than the GFP mice we describe here. What is of potential significant interest is that with slight changes in the CMV promoter sequence, many of the cells that express the reporter gene are quite different. For instance, previously with a Ϫ524 to ϩ13 human CMV promoter, expression was found in the mitral cells of the olfactory bulb, retina, CA1 region of the hippocampus, and the granule cells of the cerebellum (Fritschy et al., 1996) . In contrast, in the transgenic mice described here with a Ϫ583 to ϩ7 CMV promoter sequence, we found no expression in any of these cells but did find expression in other cells in the same areas. We found little retinal expression. In the olfactory bulb, we found no labeled excitatory mitral cells but did find many labeled inhibitory granule and juxtaglomerular cells. In the hippocampus, we found no labeled CA1 cells but did find some CA3 labeling. In the cerebellar cortex, we found no labeled cells at all but found striking expression in a subpopulation of mossy fibers that originate outside the cerebellar cortex and terminate in the granule cell region. We also found weak expression in the striatum in which no expression was found with the Ϫ524 to ϩ13 CMV promoter sequence used by Fritschy et al. (1996) .
It might be argued that the difference between the studies is simply because of the random site of integration into chromosomes. This, however, seems less likely, because in our study we generated two independent transgenic lines, made with the same CMV promoter sequence, that showed almost identical sites of expression in the CNS. Similarly, in a previous study with the CMV promoter (Kothary et al., 1991) , two different transgenic lines expressed a reporter gene in the same regions of the mice in that study but different from the loci expressing in our mice. Koedood et al. (1995) also reported that transgenic mice with Ϫ524 to ϩ13 of the CMV promoter showed patterns of expression that were similar in all three lines studied; similar to other investigators, they found the total levels of expression varied between lines, possibly related to different sites of integration. The difference in loci of expression could also be attributable to differences in the mouse strains used; however, we started out with a cross between two pigmented strains to generate the founder transgenic mice, and when we outcrossed these to albino mice, the loci of expression remained the same, suggesting that strain differences do not easily account for substantial differences. Furthermore, we used C57B mice as part of our initial strain, similar to Kothary et al. (1991) . Kothary found expression in muscles and retina and little in brain, whereas we found strong expression in some brain regions and little in retina or muscle.
In three transgenic mouse lines with lac Z expression, under control of Ϫ670 to ϩ54 human CMV promoter, tissue distribution was similar between the three lines (Baskar et al., 1996) . Tissue expression of lac Z, not limited to the brain, was also found to be similar to each other in two transgenic mice with a Ϫ302 to ϩ72 CMV promoter (Kothary et al., 1991) . That different regions of the CMV promoter would generate different patterns of expression in CNS neurons is consistent with the complexity of the CMV promoter that contains binding sites for cAMP, CREB/ ATF, NF-KB, SP1, YY1, retinoic acid, AP-1, NF1, methylation, and its own immediate early protein product (Ghazal et al., 1988 (Ghazal et al., , 1992 Hunninghake et al., 1989; Stinski, 1996, 1997; Mocarski et al., 1996; Prosch et al., 1996) .
Another approach to generating transgenic mice in subpopulations of neurons is to use promoters that are specific for substances expressed in subtypes of neurons, such as a neurotrans-mitter or its synthetic enzymes (Liu et al., 1997) . This approach has been used and should also prove usef ul. However, the level of expression in positive cells may not be as high as with the CMV promoter, and transmitter promoters may be expressed by cells normally not using a particular transmitter, as described for lac Z expression under control of the 5Ј regulatory region of the glutamate decarboxylase-67 promoter in non-GABAergic excitatory neurons (Sekerkova et al., 1997) .
